A variant of the invertebrate mitochondrial genetic code was previously identified in arthropods (Abascal et al. 2006a, PLoS Biol 4:e127) in which, instead of translating the AGG codon as serine, as in other invertebrates, some arthropods translate AGG as lysine. Here, we revisit the evolution of the genetic code in arthropods taking into account that (1) the number of arthropod mitochondrial genomes sequenced has triplicated since the original findings were published; (2) the phylogeny of arthropods has been recently resolved with confidence for many groups; and (3) sophisticated probabilistic methods can be applied to analyze the evolution of the genetic code in arthropod mitochondria. According to our analyses, evolutionary shifts in the genetic code have been more common than previously inferred, with many taxonomic groups displaying two alternative codes. Ancestral character-state reconstruction using probabilistic methods confirmed that the arthropod ancestor most likely translated AGG as lysine. Point mutations at tRNA-Lys and tRNA-Ser correlated with the meaning of the AGG codon. In addition, we identified three variables (GC content, number of AGG codons, and taxonomic information) that best explain the use of each of the two alternative genetic codes.
Introduction
The genetic code provides the translation table between the DNA and protein languages by establishing correspondences between codons and amino acids. Most organisms across domains (Eukarya, Archaea, and Bacteria) share a common code that is known as the standard or universal genetic code (Crick 1968) . In addition, several variant genetic codes, in which one or more codons have changed their original meaning, have been described in bacteria, fungi, diplomonads, ciliates, red algae, among others (Knight et al. 2001) . Interestingly, codon reassignments are particularly frequent in metazoan mitochondria (Figure 1 ), where more than 10 variants have been described (Knight et al. 2001; Abascal et al. 2006a; Sengupta et al. 2007 ). The high number of genetic code variants in metazoans has been related to both the short size of their mitochondrial genomes (also known as mitogenomes or mt-genomes), which has the effect of reducing the mutational impact associated with codon reassignments, and the simplified mitochondrial translation machinery [i.e. many mitochondrial tRNAs have been lost during metazoan evolution; reviewed by Di Giulio (2005) ].
Among metazoan mitochondria, a large fraction of the reassignments involves the AGA/AGG (AGR) pair of codons (Figure 1 ), probably due to the loss of the AGR-decoding tRNA-Arg in the metazoan ancestor . From the original meaning of arginine, AGR codons were reassigned to stop codons in vertebrates, to glycine (Gly) in urochordates, and to serine (Ser) in both bilaterians and cephalochordates, independently (Jukes and Osawa 1990) . Although the two AGR codons show a natural tendency to evolve together, we recently identified (Abascal et al. 2006a ) a variant genetic code in arthropods in which the AGG codon, but not AGA, was reassigned to lysine (Lys).
Moreover, some arthropods were found to translate AGG as Ser (as other invertebrates do), whereas others translated AGG as Lys, or did not make use of AGG at all. By mapping the resulting predictions onto a (yet poorly resolved) composite phylogeny of arthropods, and performing parsimony ancestral character-state reconstruction (Fitch 1971; Maddison 1989) , we inferred that the arthropod ancestor translated AGG as Lys, and that several reassignments of AGG to code as Ser likely took place in parallel along the evolutionary history of arthropods. Interestingly, it has been recently reported that the pterobranch (Hemichordata) Rhabdopleura compacta also translates the AGG codon as Lys (Figure 1) , with the same point mutations at the tRNA-Lys anticodon as in arthropods (Perseke et al. 2011) .
From an evolutionary perspective, there is controversy regarding how a disadvantageous alteration such as a codon reassignment, which can change the way many genes are translated, can be tolerated and becomes fixed. The codon-capture model proposes that a codon must first disappear from the genome in order to trigger the reassignment. Elimination of a codon can be driven by mutational biases, and hence be a neutral evolutionary process. After the codon has disappeared, neutral evolution would result in the loss of function of its cognate tRNA. Once the codon reappears in the genome, its meaning would change if a new tRNA is able to recognize it. Alternatively, in the ambiguous intermediate model (Schultz and Yarus 1994 ) the codon does not disappear but it is translated ambiguously during the process of reassignment, hence reducing the associated mutational impact. Then, natural selection might lead to the fixation of the new variant. The unified model (Sengupta and Higgs 2005) considers that both the codon-capture and the ambiguous intermediate models are gain -loss processes. In the case of the codon-capture model, the loss occurs before, whereas in the case of the ambiguous intermediate model, it is the gain that takes place first.
Several molecular mechanisms have been proposed to account for AGR codon reassignments in metazoan mitogenomes. In the absence of the tRNA-Arg that recognizes AGA, the GCU anticodon of a tRNA-Ser has the ability to recognize AGA through non-canonical pairing under certain conditions (Matsuyama et al. 1998) . A post-transcriptional guanosine methylation at the anticodon of tRNA-Ser also allows it to recognize the AGG codon (Matsuyama et al. 1998; Tomita et al. 1998 ). On the other hand, the reassignment of AGR codons to Gly in urochordates likely took place through the acquisition of a novel tRNA-Gly with anticodon UCU (Kondow et al. 1999) . In vertebrates, AGR codons were reassigned to STOP codons by alterations in translation release factors (Osawa et al. 1992) or in rRNA (Ivanov et al. 2001) . In arthropods, translation of AGG as Ser requires UCU or ACU at the tRNA-Ser anticodon, and in the absence of these anticodons AGG is translated as Lys provided that the tRNA-Lys has a CUU anticodon (Abascal et al. 2006a) .
In this paper, we revisit the evolution of arthropod mitochondrial genetic codes and perform new and improved analyses that (1) include more comprehensive taxon sampling, (2) relies on a more robust arthropod phylogeny, and (3) use probabilistic ancestral reconstruction.
Materials and methods

Sequence data
Our original analysis was based on a 92-species dataset (Abascal et al. 2006a) . Since then, the number of complete mt-genome sequences has triplicated, and here we retrieved and analyzed a total of 317 arthropod mitochondrial genomes from GenBank. Importantly, the new mitogenomes include some previously unrepresented key taxonomic lineages such as pycnogonids, the most basal chelicerates (Podsiadlowski and Braband 2006; Park et al. 2007 ). In addition, three complete mitochondrial genomes of onychophorans were used as outgroup. Mitochondrial genomes were automatically retrieved with MitoBank (Abascal et al. 2007 ) and the different protein-coding genes were distributed into 13 separate datasets. Amino acid sequence alignments for each proteincoding gene were individually built with MUSCLE v3.6 (Edgar 2004) , and later combined together into a single 13-gene alignment of 4602 positions. Ambiguous positions in the alignment were filtered using GBlocks v0.91b (Castresana 2000) with default settings, rendering a final alignment of 2983 positions.
Genetic code prediction
The mitochondrial genetic code of each species was determined using GenDecoder v1.6 (Abascal et al. 2009 ). This program implements a comparative method that first identifies the protein sites at which a given codon occurs and then predicts the meaning of the codon according to the amino acids observed at those sites in other species. The reliability of the method was proved high (Abascal et al. 2006b ) and it is basically dependent on the number of occurrences of each codon in conserved positions of the alignment. Consequently, those GenDecoder predictions that were based on very low number of AGG codons were carefully reviewed to identify dubious codon assignments and, if possible, correct them or, instead, mark them as "unknown" translation.
Phylogenetic reconstruction
A recently reconstructed arthropod molecular phylogeny based on several nuclear genes (Regier et al. 2010 ) was used as starting tree. This new phylogeny resolves previous controversies with relatively high confidence, strongly supporting the Pancrustacea (paraphyletic "Crustacea" plus Hexapoda) and Mandibulata (Myriapoda plus Pancrustacea) hypotheses. In our analysis, the phylogenetic relationships among the main arthropod lineages were constrained, whereas those within each minor taxonomic group were left unresolved as polytomies (see Supplementary Material) . This starting tree was optimized under maximum likelihood (ML) using RAxML v7.2.7 (Stamatakis 2006 ) and the MtArt þ I þ G model with four categories of the Gamma distribution, according to the results of ProtTest v2.4 (Guindon and Gascuel 2003; Abascal et al. 2005) under all model selection criteria [Akaike information criterion (AIC), corrected AIC (AICc), and Bayesian information criterion].
Evolution of the genetic code
Predicted amino acid assignments for the AGG codon were mapped onto the reconstructed phylogeny. The ancestral character-state reconstruction was based on both Fitch parsimony and probabilistic methods using Mesquite (Maddison and Maddison 2004) and BayesTraits v1.0 (Pagel et al. 2004; Pagel and Meade 2006) with default settings, respectively. For the ML analysis, 50 optimization attempts were applied to ensure that an optimum was reached. For the Bayesian analysis, 5,050,000 iterations were run, of which the first 50,000 were disregarded as burn-in. Reaching of convergence was assessed by inspecting the stability of likelihood values and the harmonic mean of likelihood values across iterations.
Evolution of the tRNA-Ser and tRNA-Lys anticodons
To better interpret transition rates between AGG states, we also analyzed the evolution of the tRNA-Ser and tRNA-Lys anticodons using BayesTraits. A matrix of two traits, corresponding to the tRNA-Ser and tRNA-Lys anticodons, was built in which each trait had two possible states, 1 if the corresponding tRNA had an anticodon able to recognize the AGG codon (i.e. UCU/ACU for tRNA-Ser and CUU for tRNA-Lys) and 0 otherwise (i.e. GCU for tRNA-Ser and UUU for tRNA-Lys). We used the Discrete package of BayesTraits to decipher whether the two anticodon traits evolved in a correlated fashion.
Genetic code predictors
In order to better understand the choice between the two alternative arthropod mitochondrial codes, we fitted a generalized linear model in which the response variable was the genetic code prediction (AAG as Lys or AGG as Ser), and the explanatory variables included GC content, taxonomic group (Hemiptera, Hymenoptera, Diptera, Lepidoptera, Coleoptera, Araneae, Acariformes, Parasitiformes, Collembola, and Myriapoda, hence including all those groups in which both solutions, AGG ¼ S and AGG ¼ K, were observed), and number of AGA, AGC, AGG, AGT, AAA, AAC, AAG, and AAT codons (AG[ACT] code for serine, AA [G] for lysine, and AA[CT] for glycine). We searched for the best-fit AICc model (Sugiura 1978 ) across all possible 1024 linear combinations of the different factors (pairwise interactions between variables were not considered), using the glmulti R package (Calcagno and De Mazancourt 2010) .
Results
Out of the 317 arthropod mitochondrial genomes analyzed, 64 made no use of the AGG codon. The AGG codon was predicted to translate as Lys in 93 species and as Ser in 104 species. The remaining assignments were unreliable due to low usage of the AGG codon (i.e. one or two AGG instances). After relaxing the parameters of GenDecoder, it became possible to assign Lys and Ser to another eight and five mitochondrial genomes, respectively. The three onychophorans were predicted to translate AGG as Ser. These results are summarized onto the estimated phylogenetic tree of arthropods (Figure 2) .
By aligning GenBank annotated tRNA-Ser and tRNA-Lys arthropod genes, we were able to determine the anticodon of 244 tRNA-Ser (AGY) and of 298 tRNA-Lys. The anticodon of the tRNA-Ser (AGY) was GCU, UCU, and ACU in 168, 68, and 8 species, respectively. With respect to the tRNA-Lys, the anticodons CUU and UUU were present in 230 and 68 species, respectively. All the species predicted to translate AGG as Lys had tRNA-Lys(CUU) and tRNA-Ser(GCU). On the other hand, all the species predicted to translate AGG as Ser except 10 had anticodon UCU or ACU at tRNA-Ser, and either of the two alternative anticodons (CUU and UUU) at tRNA-Lys. After a careful inspection, we concluded that 8 of the 10 exceptions in which AGG was predicted as Ser but tRNA-Ser had a GCU anticodon corresponded to unreliable predictions that were poorly supported, i.e. they were based on just few AGG codons associated with Ser residues at low frequencies. The remaining two exceptions revealed interesting patterns. The decapod Eriocheir sinensis was reliably predicted to translate AGG as Ser although it possessed a tRNA-Ser with anticodon GCU. Another two closely related species of the genus Eriocheir had anticodon UCU, as expected according to the AGG ¼ S prediction made by GenDecoder. Hence, either there is a sequencing or annotation error at the tRNA-Ser anticodon of E. sinensis or this tRNA-Ser (GCU) is able to pair with AGG by means of some post-transcriptional modification of the tRNA. In the other case, the Acari Leptotrombidium pallidum was similarly predicted to translate AGG as Ser but its tRNA-Ser had also anticodon GCU. Another two congeneric species (Leptotrombidium akamushi and Leptotrombidium deliense) were predicted to translate AGG as Ser but had anticodon UCU, as expected. Interestingly, while the latter had 34 and 25 AGG codons in their mitogenomes, respectively, L. pallidum had only seven AGG codons.
Taxonomic distribution and variability of the genetic codon
The mitochondrial genetic code showed a very large degree of variation (Figure 2 ). For instance, many taxonomic groups in which all the species were found to translate AGG as Lys, such as myriapods, collembols, and spiders, now included species that seemed to have reverted to translate AGG as Ser. Similarly, groups that in our previous study exclusively translated AGG as Ser, such as Acariformes, Coleoptera, and Hymenoptera, now included species predicted to translate AGG as Lys. Interestingly, flies and butterflies, previously shown to use the AGG codon with either null or very low frequency (in which case AGG was translated as Lys), also included now species that translates AGG as Ser. Among these taxonomic groups that were sampled anew in this study, Pycnogonida and Palaeoptera were predicted to translate AGG as Ser, although some palaeopterans did not make use of AGG. In contrast, Ricinulei, Uropygi, Opiliones, Amblypygi, Scorpiones, and Solifugae, all of them chelicerates, as well as Archaeognatha and Diplura, were predicted to use AGG as Lys. Finally, Neuroptera and Mecoptera made no use of the AGG codon.
Evolutionary history of the AGG reassignments
The ML ancestral reconstruction analyses indicated that the transition rate from Lys to Ser (qKS) was significantly faster than that from Ser to Lys (qSK) [0.470 vs. 0.016, Figure 3 ; likelihood ratio test (LRT), P ¼ 0.0001; see Supplementary Material]. In all cases, the ancestor of arthropods was predicted as AGG ¼ Lys with high confidence (P ¼ 0.9999). In addition, a LRT between the two alternative scenarios in which the arthropod ancestor was fixed as either AGG ¼ K or AGG ¼ S rejected the hypothesis that the arthropod ancestor translated AGG as Ser. Similar results were obtained under a Bayesian framework.
On the other hand, the parsimony reconstruction predicted the ancestor of arthropods as AGG ¼ Ser. The latter was extremely dependent on the state predicted for the basal chelicerate class, Pycnogonida. In fact, when pycnogonids were removed, the parsimony prediction for the ancestor of arthropods was AGG ¼ Lys. The ancestors of Chelicerata, Acari, Myriapoda, Pancrustacea, Mandibulata, and Hexapoda were unambiguously predicted to translate AGG as Lys (P . 0.99).
Evolutionary history of point mutations at tRNA-Ser/-Lys anticodons
The character-state reconstruction supported with high probability (P ¼ 0.99) a state in which tRNA-Ser did not have the ability to recognize the AGG codon, but tRNA-Lys does. A LRT significantly supported (P , 0.0001) a correlated evolutionary scenario. The fastest transition rates were found for a state in which neither tRNA-Ser nor tRNA-Lys is able to recognize the AGG codon, to a state in which only tRNA-Ser is able to recognize the AGG codon. Other transition rate estimates were close to zero (Figure 3 ).
Factors correlated with the choice of genetic code
The use of the AGG codon was significantly correlated with GC content (0.34, P ¼ 0.0005). However, the correlation was much lower than for other GC-rich codons, such as AGC (0.63, P , 0.0001). This suggests that there might be other factors that affect the usage of the AGG codon Figure 2 . Evolutionary shifts of the mitochondrial genetic code in arthropods. A phylogeny of arthropods was reconstructed using the tree of Regier et al. (2010) as constraint for phylogenetic relationships among main lineages and performing a ML optimization of remaining relationships within each minor taxonomic group. Phylogenetic groups are highlighted in colored boxes (e.g. Pancrustacea in green). At the right of the tree, the predicted translation of the AGG codon is indicated for each taxon: Lys (purple), Ser (yellow), AGG absence (gray), and unpredicted species (white). Colour versions of figures are available at: www.informahealthcare.com/mdn besides GC content. In fact, several ANOVAs revealed additional significant relationships between the number of AGG codons and taxonomy, GC content, and number of AGC and AAG codons. The best-fit generalized linear model (GLM) model for the AGG Lys/Ser prediction considered altogether GC content, taxonomy, and number of AGG codons. Interestingly, other models close to the best-fit one also considered, among others, the number of AGC, AGT, AAG, and AAC codons. In fact, we noticed that there were significant correlations between many of the tested explanatory variables. Moreover, we found that in 8 out of 10 groups the GC content was on average higher in those species using AGG as Lys than in those using AGG as Ser.
Discussion
We have revisited the evolution of the mitochondrial genetic code in arthropods capitalizing on a larger data set (including previously unrepresented lineages), a more robust phylogeny, and probabilistic ancestral reconstruction. Our coding predictions, strongly supported by an almost perfect correlation with the corresponding tRNA-Lys and tRNA-Ser anticodons, indicate that shifts in the mitochondrial genetic code of arthropods have been even more frequent than previously reported. Many arthropod lineages, in which the genetic code seemed homogeneous, are now shown to include both meanings for AGG. The inclusion of basal lineages, such as the chelicerate Pycnogonida, was also of importance because of its impact on the inference of ancestral character states. Pycnogonoids are reliably predicted to translate the AGG codon as Ser, and this only prediction, in fact, alters the inference of the arthropod ancestor state according to parsimony. However, it is well known that parsimony methods do not take into account branch length (Felsenstein 1981) and pycnogonids exhibit long branches, which suggests that multiple changes (e.g. from AGG ¼ Lys to AGG ¼ Ser) might have taken place during their evolution. Accordingly, probabilistic reconstruction of the arthropod ancestor character state was always AGG ¼ Lys, independently of the particular model considered. The ancestral state inferred for the tRNA-Lys and -Ser anticodons suggests that the arthropod ancestor most likely was endowed with an AGG-decoding tRNA-Lys but not with an AGG-decoding tRNA-Ser. Consequently, this ancestor probably possessed the ability to translate the AGG codon as Lys. This prompts the question on how old is the AGG ¼ Lys assignment. The anticodon UUU is typical of the mitochondrial tRNA-Lys of metazoans. Besides arthropods, we find that the tRNA-Lys (CUU) is also present in platyhelminthes, echinoderms, and priapulids. The new pterobranch mt-genome also presents a tRNA-Lys (CUU; Perseke et al. 2011) . Interestingly, all these taxonomic groups seem to have experienced codon reassignments (Jukes and Osawa 1990) . Independently in platyhelminthes and echinoderms, the AAA codon was reassigned from Lys to asparagine (Asn). In arthropods, some species translate AGG as Lys. Pterobranchs (Hemichordata) also translate AGG as Lys (Perseke et al. 2011) . No particular reassignments have been described for priapulids, but the only occurrence of the AGG codon in the mitochondrial genome of Priapulus caudatus takes place at a position in which Lys is the most frequently observed amino acid for the other species. Altogether, we can conclude that either the translation of AGG as Lys has deeper roots in the evolutionary history of metazoans than previously thought or this variation of the standard mitochondrial genetic code has appeared independently several times along the metazoan phylogeny.
We found that the rate of the reassignment from Lys to Ser was much larger than that from Ser to Lys, suggesting that the former might be easier and/or advantageous. However, some observations seem to point toward this being a neutral process. First, species that translate AGG as Lys make a scarcer use of the AGG codon (possible reasons are discussed below), which, in principle, makes easier (or more tolerable) reassignment in this direction. Second, the phylogeny reveals many reassignments in both directions, indicating that, once the AGG ¼ Ser state is reached, a re-reassignment to Lys can still take place.
The predicted meaning of the AGG codon seemed to depend on GC content, number of AGG codons, and taxonomic assignment. The number of AGG codons tends to be higher when AGG is translated as Ser. This is possibly caused by the better ability of tRNA-Ser (ACU or UCU) to recognize the AGG codon compared to the tRNA-Lys (CUU), which requires a wobble pairing at the second position of the codon. In fact, as previously suggested (Abascal et al. 2006a ), tRNA-Ser seems to have a dominant phenotype compared to tRNA-Lys: whenever tRNASer is able to recognize the AGG codon the translated amino acid is predicted to be Ser independently of the anticodon present in tRNA-Lys. On the other hand, the inclusion of taxonomy is most likely due to the shared evolutionary history, which induces correlated assignments.
In this study, the increasing number of complete arthropod mt genomes allowed us to confirm the prevalence of two alternative mitochondrial genetic codes in this phylum. We further concluded that shifts between alternative genetic codes are very frequent within arthropod main lineages and that these shifts are correlated with point mutations at the tRNA-Lys and tRNA-Ser anticodons. The analyses carried out in this study could be applied to other groups in which alternative mitochondrial genetic codes have been described once a large number of mt genomes is accumulated and provided a robust phylogeny is determined. It is very possible that these analyses expand the already recognized large flexibility of the mitochondrial genetic code.
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